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During corticogenesis, neural stem cells switch from symmetric to asymmetric divisions to generate interme-
diate progenitor cells and neurons. Recently published in Cell, Siegenthaler et al. (2009) show that retinoic
acid derived from the meninges is a key signal controlling this transition.The control of neurogenesis during
embryonicdevelopment regulatescortical
size and cytoarchitecture in terms of
neuronal diversity, number, and location.
Initially, neuroepithelial stem cells in the
ventricular zone (VZ) undergo symmetric
divisions to generate two daughter cells
that reenter the cell cycle (Pontious et al.,
2008). Such divisions increase stem cell
numbers and lead to lateral expansion of
the developing cortical sheet. At the onset
of neurogenesis, cortical neural stem cells
acquire radial glial characteristics and
begin to divide asymmetrically, either to
form neurons directly or to generate inter-
mediate progenitor cells (IPCs), which
produce neurons in the subventricular
zone (SVZ) after one or several symmetric
divisions (Pontious et al., 2008) (Figure 1).
Although signaling molecules such as
Wnts and FGFs are known to control early
proliferative events in the VZ, the signals
that trigger the switch from symmetric to
asymmetric division have proved to
be elusive. A recent study published in
Cell (Siegenthaler et al., 2009) provides
evidence that retinoic acid (RA) derived
from the meninges enveloping the cortex
is required for this transition to occur.
At first glance, the idea that the
meninges, located on the outer brain
surface, could regulate events occurring in
the VZ, on the inner brain surface, appears
counterintuitive. However, the meninges
are in close contact with the endfeet of
radial glial processes, which span the
width of the cortex, even though the radial
glial cell bodies are located in the VZ.
Given previous findings that the meninges
secrete signals regulating diverse events
such as bone formation (Ito et al., 2003),neuronal migration, and positioning (Borrell
and Marin, 2006), the possibility that the
meninges could produce signals regulating
neural stem cell behavior is certainly plau-
sible.
In previous forward genetics screens,
the authors identified a hypomorphic
mutation in the gene encoding the tran-
scription factor Foxc1 (Zarbalis et al.,
2007). The Foxc1 hypomorphs showed
deficits in meninges formation accompa-
nied by a longer forebrain, consistent
with increased symmetric cell division of
VZ stem cells. In their current study, the
authors noted a correlation between
Foxc1 gene dosage, meningeal coverage,
and lateral cortical expansion. Foxc1
hypomorphs showed moderate deficits
in meninges formation, progenitor cell-
cycle exit, IPC formation, and neuronal
production, whereas Foxc1 nulls failed to
form the dorsal meninges and exhibited
more robust defects in neurogenesis
(Siegenthaler et al. 2009). Strikingly, using
elegant transplantation and coculture
experiments, the authors showed that
wild-type meninges could rescue the
Foxc1 cortical phenotype. These results
clearly implicated the meninges as
a source of extrinsic signals required
to promote the asymmetric division of
radial glial stem cells. It is interesting to
note that although radial glia make two
different types of asymmetric divisions to
generate either IPCs or neurons, this
study suggests that disruption of Foxc1
affects the latter to a much greater extent
than the former. (Thus, Foxc1 appears to
be preferentially required to promote a
specific type of asymmetric neural stem
cell division.) Further analysis of Foxc1Cell Stem Cell 5mutants may provide an inroad to dissect
themolecular mechanisms that determine
whether a radial glial stemcellwill generate
another proliferativeneural cell (i.e., IPC) or
a differentiated cell (i.e., neuron).
One good candidate for a Foxc1-
dependent signal that could influence the
modeof radial glial division is the vitamin A
metabolite RA. RA is a potent inducer
of neuronal differentiation and is synthe-
sized in the meninges through expression
of two enzymes critical for RA syn-
thesis, RALDH2 and Rdh10 (Sharpe and
Goldstone, 1997; Niederreither et al.,
2002; Romand et al., 2008). Further, RA
is a small lipophilic molecule that has the
potential to diffuse from the meninges to
the radial glial endfeet. In support of such
a model, media depleted for RA did not
rescue the cell-cycle exit phenotype in
cortical slices of Foxc1 hypomorphs, and
the expression of RALDH2 and Rdh10
was reduced in proportion to Foxc1 gene
dosage. Moreover, although containing
intact meninges, Rdh10 hypomorphs
showed a phenotype similar to Foxc1
mutants with increased forebrain length
and reduced neuronal numbers through-
out the upper and lower layers of the
cortex. This result clearly suggests that
the cause of the Foxc1mutant phenotype
is related to the reduction of Rdh10
expression, and consequently reduced
synthesis of RA. Indeed, injection of RA
into pregnant dams partially rescued
the IPC and neuronal deficits in Foxc1
mutants and significantly decreased fore-
brain length, consistent with the authors’
model that RA is required for the switch
from symmetric to asymmetric divisions
in cortical stem cells (Figure 1)., November 6, 2009 ª2009 Elsevier Inc. 455
Cell Stem Cell
PreviewsNE/
RG
VZ
SVZ
IZ
CP
N
IPC
M RA
Symmetric Division   Asymmetric Division
RG
M
Figure 1. Asymmetric Division of Radial Glia Is Regulated by Meningeal RA
The left panel depicts stem cells in the ventricular zone (VZ; light green), which include neuroepithelial cells
and radial glia (NE/RG; dark-blue cells) that undergo symmetric divisions to form two undifferentiated
daughter cells that reenter the cell cycle. A later stage in development is depicted in the right panel. At
the onset of neurogenesis, RA signals (gray circles) delivered from the meninges (M) access the RG
through their endfeet to trigger the switch from symmetric to asymmetric cell division at the VZ such
that RGs now generate either a neuron (N, red cell) or an intermediate progenitor cell (IPC; orange cell).
IPCs subsequently undergo symmetric division to generate two IPCs or two neurons. The following abbre-
viations are used: SVZ, subventricular zone; IZ, intermediate zone; and CP, cortical plate. Open red circles
in the CP represent neurons. Image by Zachary T. Bitzer.Several interesting questions arise from
this study. First, to what extent are the
meninges the primary source of RA that
regulates the switch in the mode of radial
glial stemcell division?Although intriguing,
this study does not rule out the possibility
that other sites of RA synthesis may be
required. Indeed, the authors suggest
that RA synthesized in the facial mesen-
chyme may be an initial source, and such
a result could explain their finding that
the Foxc1 phenotype is observed prior to
RALDH2 meningeal expression. Alterna-
tively, other signaling systems perturbed
by Foxc1 disruption may also be required
at these early time points.
Another question raised by this work is
how exactly does RA signaling regulate
the switch to asymmetric cell division?
RA directly regulates the transcription of
downstream target genes through binding
of nuclear retinoid receptors (Maden,
2002). Potential candidates thus include456 Cell Stem Cell 5, November 6, 2009 ª20proteins implicated in promoting asym-
metric cell divisions such as Ngn2, Insm1,
Numb, and mPar3 or factors required
to position the centrosome or orient the
spindle along the horizontal plane of
division.
It will be of great interest to determine
to what extent, if any, the regulation of
stem cell division by RA interacts with
other signals that influence neural stem
cell self-renewal and neurogenesis. For
example, previous work has shown that
endothelial cells, which enter from the
pial surface during vascularization of the
cortex, can regulate the self-renewal of
cortical stem cells and strongly promote
neuronal production from those cells
(Shen et al., 2004). Although the authors
of the current study (Siegenthaler et al.,
2009) indicate that Foxc1 is not expressed
in endothelial cells, this finding does not
rule out the possibility that meningeal-
derived RA and cues derived from endo-09 Elsevier Inc.thelial cells interact to regulate the mode
of cortical stem cell division.
The work by Siegenthaler et al.
provides exciting new insight into the
regulation of neural stem cell biology
and has important implications with
respect to stem cell biology in general
and to the etiology and potential treat-
ment of disease. It will be interesting to
determine whether RA signaling plays
a similar role in other stem cell popula-
tions, including in the adult brain and
in nonneural tissues. In addition, a deeper
understanding of how stem cell division
is regulated is likely to facilitate the
manipulation of stem cells for therapeutic
purposes and to provide insight into how
the dysregulation of stem cell populations
may contribute to cancer.
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